Introduction
Angiogenesis plays a pivotal role in tumor growth and metastasis [1] [2] [3] . Because inhibiting neovascularization impedes the delivery of oxygen and necessary nutrients to the tumor, antiangiogenesis has been pursued as an anti-cancer treatment strategy [2] [3] [4] . The vascular endothelial growth factor (VEGF) family of proteins is responsible for stimulating new vessel formation by binding to receptors on nearby blood vessels, i.e. vascular endothelial growth factor receptors (VEGFR), which activate the intracellular tyrosine kinase domain resulting in initiation of the cascade that ultimately stimulates new vessel production.
Vertical inhibition of both VEGF and VEGFR may be necessary to optimize pathway inhibition. An analogous study of epidermal growth factor receptor (EGFR) demonstrated both kinase-dependent and kinase-independent activity, suggesting the need for both kinase inhibition and inhibition of the receptor ligand [5] .
Bevacizumab, a monoclonal antibody to VEGF-A (which serves as a ligand for VEGFR1 and VEGFR2), was the first US Food and Drug Administration (FDA) approved drug developed to target tumor angiogenesis [6] . While bevacizumab was first approved for metastatic colorectal cancer in February 2004 [6] , further clinical trials have demonstrated activity in other malignancies, including lung, ovarian, renal cell, and glioblastoma [3, [7] [8] [9] [10] [11] [12] [13] [14] . Sorafenib, a tyrosine kinase inhibitor of VEGFR1, VEGFR2, VEGFR3, Flt-3, Kit, Raf-1, and PDGFR-beta, is approved for the treatment of advanced renal cell carcinoma and hepatocellular carcinoma, and has demonstrated activity in other cancer types [15] [16] [17] [18] .
We performed a phase I dose escalation and expansion trial administering sequential bevacizumab and sorafenib based on our hypothesis that this combination would dually inhibit VEGF/VEGFR signaling and have therapeutic effect. The primary objective of this study was to assess safety and tolerability as well as to define the maximum tolerated dose (MTD) of bevacizumab in combination with sorafenib. Secondary objectives were to establish a preliminary assessment of anti-tumor activity and correlation of surrogate antiangiogenesis markers.
Materials and methods

Study design
The study was conducted at The University of Texas M. D. Anderson Cancer Center (MDACC) and patients were consented per Institutional Review Board guidelines. A modified 3+3 study design was used (Supplementary Methods). The treatment arm reported herein included all patients who started therapy between 10/22/2007 and 5/29/2012 as part of a dose escalation and expansion study conducted in patients with advanced cancer. The treatment cycle repeated once every 28 days until prohibitive toxicity, tumor progression, or patient withdrawal. Patients were treated at variable dose levels, depending on the time of study entry (Table 1) . Once the maximum tolerated dose (MTD) was determined, the dose level was expanded to include up to 14 additional patients per specific tumor type that had complete response (CR), partial response (PR), or stable disease (SD) ≥4 cycles. These tumor types included adrenocortical, bladder, cholangiocarcinoma/ gallbladder, colorectal, fallopian, hepatocellular, melanoma, ovarian, renal cell, and thyroid (papillary, follicular, medullary, hurthle cell) cancers.
Patients
Patients had metastatic or advanced cancer not amenable to standard therapy, an Eastern Cooperative Oncology Group (ECOG) performance status of 0-2 [19] , and adequate hematologic, hepatic, and renal function. Exclusion criteria included hemoptysis, unexplained bleeding, significant cardiovascular disease, intercurrent uncontrolled illness, significant gastrointestinal bleeding within 28 days, hemorrhagic brain metastases, prior abdominal surgery within 30 days, pregnancy, and a history of hypersensitivity to bevacizumab and/or sorafenib. Treatment with prior cytotoxic therapies must have ended at least three weeks prior to enrollment, and biologic therapy must have ended at least two weeks or five drug half-lives prior to enrollment (whichever was shorter).
Safety
Clinically significant adverse events were assessed according to the National Cancer Institute Common Terminology Criteria for Adverse Events (NCI CTCAE), version 3.0 [20] . History, physical exam, hematology, blood chemistry, and urinalysis were performed at baseline and regular intervals while receiving treatment.
Evaluation of efficacy
Treatment efficacy was evaluated by diagnostic imaging per Response Evaluation Criteria in Solid Tumors (RECIST) 1.0 [21] . Radiologic assessments were conducted at baseline and about every 8 weeks thereafter.
Molecular testing
Molecular testing was performed in the Clinical Laboratory Improvement Amendments (CLIA)-approved MDACC laboratory for patients with available archived tissue. BRAF, c-KIT, K/NRAS, c-MET, PIK3CA, and p53 mutation analysis were performed, as well as c-MET amplification by fluorescent in-situ hybridization and PTEN expression by standard immunohistochemistry.
For BRAF (codons 468-474 in exon 11 and codons 595-600 in exon 15), c-KIT (exons 9, 11, 13, and 17), K/NRAS (codons 12, 13 and 61), PIK3CA (codons 532-554 in exon 9 and codons 1011-1062 in exon 20), and p53 mutation (exons 4-9) testing, polymerase chain reaction (PCR)-based sequencing analysis was performed on DNA extracted from paraffinembedded tumor tissue. The lower limit of detection was approximately one cell bearing the mutation per five to ten normal cells. PTEN expression was determined by immunohistochemistry using anti-PTEN monoclonal mouse antibody (Dako, Carpinteria, CA).
Single nucleotide polymorphism (SNP) DNA was extracted from peripheral blood mononucleocytes (PBMCs) or paraffin-embedded tissue sections using the QIAamp® DNA Mini and Blood Mini Kit or QIAamp® DNA FFPE Tissue Kit (Qiagen, Valencia, CA) according to standard protocols recommended by the manufacturer. The region of interest was then amplified using custom PCR primers. Sanger sequencing was performed on a 3730xl DNA Analyzer (Applied Biosystems) using BigDye™ Terminator v3 chemistry (Applied Biosystems). Mutation analysis was performed using SeqScape® Software v2.5 (Applied Biosystems).
Statistical analysis
Analyses were descriptive and exploratory. Dichotomous variables were evaluated using Fisher's exact test. Analysis of VEGF SNPs was performed using SPSS 19 computer software (SPSS Chicago, IL).
Results
Demographics
One hundred fifteen patients with advanced metastatic cancer were enrolled (Table 2) , 70 of which were women (60.9 %). Most patients were pretreated, with a median of four prior systemic therapies (range 0-11). The median age was 61 years. Seventy-two patients (63 %) had archived tissue available for one or more molecular tests. 
Adverse events
Twenty-one patients (18 %) did not experience a drug-related toxicity, and 39 patients (34 %) experienced no drug-related toxicity higher than grade 1. The most common treatmentrelated grade 2 or higher adverse events were hand and foot syndrome (n=27, 24 %) and hypertension (n=24, 21 %) ( Table 1) . Eight patients experienced dose-limiting toxicity (DLT) including elevated ALT/AST (n=1, dose level 1), fatigue (n=2, dose level 3), hand and foot syndrome (n=4, dose levels 3, 4), hyperbilirubinemia (n=1, dose level 1), hypertension (n=5, dose levels 2, 3, 4), proteinuria (n=1, dose level 3), skin rash (n=1, dose level 3), and small bowel perforation (n=3, dose level 3). Forty-five patients (39 %) required dose reduction for toxicity and 15 patients (13 %) withdrew due to toxicity. Grade 4 arterial ischemia resulting in below the knee amputation occurred in one patient who had clinically occult peripheral vascular disease. No deaths resulted from adverse events. Dose reduction was required in 45 out of 115 patients (39 %) due to one or more toxicities. Toxicities requiring dose reduction included hand and foot syndrome (n=18), hypertension (n=11), fatigue (n=7), rash (n=5), mucositis (n=5), proteinuria (n=2), diarrhea (n=2), drug interaction with voriconazole (n=1), anorexia (n=1), gastritis (n=1), and sore throat (n=1).
At dose level 1, one out of seven patients experienced g r a d e 3 e l e v a t e d A S T a n d A LT a n d g r a d e 3 hyperbilirubinemia. At dose level 2, one out of six patients experienced grade 3 hypertension. At dose level 3, one out of eight patients experienced grade 4 small bowel perforation. At dose level 4, one out of eight patients experienced grade 3 hand and foot syndrome and one out of eight patients experienced grade 3 hypertension. Therefore, the MTD was determined to be level 3 [22] , which includes half of the recommended FDA-approved full dose of bevacizumab (5 mg/kg IV every 2 weeks) and half of the recommend FDA-approved full dose of sorafenib (200 mg BID). Once the MTD was determined, dose level 3 was further expanded by 86 patients to include up to 14 additional patients per specific tumor type that had CR, PR, or SD ≥4 cycles. These tumor types included adrenocortical, bladder, cholangiocarcinoma/gallbladder, colorectal, fallopian, hepatocellular, melanoma, ovarian, renal cell, and thyroid (papillary, follicular, medullary, hurthle cell) cancers. Among the expanded cohort of 86 patients, patients experienced DLTs including fatigue (n=2), hand and foot syndrome (n=2), hypertension (n=3), proteinuria (n=1), skin rash (n=1), and small bowel perforation (n=3).
Responses
One hundred fifteen patients are included in the response data (Fig. 1) . Seven patients withdrew before the first restaging assessment, five due to toxicity, one due to cost of travel, and one to pursue treatment closer to home. Any patients with clinical progression or new lesions are depicted as 21 % increase by RECIST (Fig. 1) and are considered treatment failures. Patients with non-measurable disease that achieved best response of stable disease are depicted on the figure as +0.5 %. Partial responses (PR) were observed in six patients (5 %), including patients with ovarian cancer (n=3; 5+, 6, and 12 months), thyroid cancer (n=1; 6 months), melanoma (n= 1; 8 months), and bladder cancer (n=1; 9 months). The patient with a PR for 5+ months was still on study at the time of submission. 29 patients (25 %) achieved stable disease (SD) lasting at least 6 months.
Prior antiangiogenic therapy and response
Of all 115 patients on study, 40 patients (35 %) had received prior bevacizumab but no prior sorafenib, ten patients (9 %) had received prior sorafenib but no prior bevacizumab, and four additional patients (3 %) had received prior sequential sorafenib and bevacizumab. Of the 40 patients who received prior bevacizumab but no prior sorafenib, 10 (25 %) had SD ≥6 months and two (5 %) achieved PR. Of the ten patients who received prior sorafenib but no prior bevacizumab, seven (70 %) had SD ≥6 months. Of the four patients who had received both prior sorafenib and bevacizumab, two (50 %) achieved SD ≥6 months.
Of the 6 patients with PR, two (33 %) had received prior bevacizumab alone. The remaining four patients with PR (66 %) had received neither prior sorafenib or bevacizumab. Therefore, prior antiangiogenic treatment did not preclude PR.
Dosing and response
Response rate and SD ≥6 months was the same for dose levels 1 and 2 versus dose levels 3 and 4 (23 % vs. 23 % respectively, p=0.75).
Molecular aberrations and responses
Two of 21 patients tested were positive for c-KIT mutations (S476I and L576P), and one of these patients, with L576P c-KIT-mutant melanoma, had a PR lasting 8 months (Fig. 2) . The other patient, with a S476I c-KIT-mutant gastrointestinal stromal tumor, also had a R988C MET mutation and had SD lasting 6 months.
Six of total 57 patients tested demonstrated KRAS mutations. One patient, with Q61H KRAS mutant ovarian carcinoma, demonstrated a 62 % regression and received treatment for 12 months. One patient, with G12D KRAS mutant colorectal cancer, had SD for ≥6 months.
Two patients had a c-MET mutation out of 16 tested, and both had SD for ≥6 months (one with concomitant c-KIT mutation mentioned above), including N375S MET-mutant ovarian carcinoma and R988C MET-mutant gastrointestinal stromal tumor. Only one patient out of the 46 tested had a PIK3CA mutation. This patient, with Q546R PIK3CA colorectal cancer, also had a KRAS mutation (mentioned above) and had SD for 10 months. Four of the eight patients tested had p53 mutation, and two patients, with A159D p53-mutant ovarian cancer and W91 p53-mutant fallopian tube cancer, achieved SD for ≥6 months (23 % and 29 % decrease per RECIST, respectively). Interestingly, the patient with fallopian tube cancer also had c-MET amplification and the patient with ovarian cancer had a concomitant N375S c-MET mutation.
Lastly, one patient out of 16 tested had PTEN loss and achieved SD for 11 months (17 % decrease per RECIST). Nineteen patients were tested for c-MET amplification, and only one patient (with concomitant w91 p53-mutatant fallopian tube cancer mentioned above) tested positive. This patient achieved stable disease lasting 16 months.
Toxicity and response
Hand and foot syndrome was the most frequently observed toxicity in patients ( Table 1 ). The rate of SD≥6 months/PR was the same for those patients with grade 0-1 hand and foot syndrome versus those with grade 2-3 (40 % vs. 48 % respectively, p=0.72). We also measured if development of hypertension (according to NCI CTCAE version 4) was associated with outcome. Patients (n=27) with grade 3 or 4 hypertension compared to 9 patients with grade 0-2 hypertension had longer OS (18.1 months, 95 % CI 11.7-24.6 vs. 
VEGF selected genotypes analysis
Because of previous studies showing potential correlation with efficacy and toxicity, we analyzed whether VEGF SNPs (2578, 1154, 1498 and 634) were associated with treatment outcomes [25] . Of the 36 patients analyzed for VEGF-2578, 15 (42 %) had the AC genotype, 8 (22 %) had the AA genotype, and 13 (36 %) had the CC genotype. For VEGF-1498, 15 out of 33 patients (45 %) had the CT genotype, seven out of 33 (21 %) had the CC genotype, and 11 out of 33 (33 %) had the TT genotype. For VEGF-1154, 17 out of 33 (52 %) had the GG genotype, 12 out of 33 (36 %) had the GA genotype, and four out of 33 (12 %) had the AA genotype. For VEGF-634, 14 out of 31 (45 %) had the GG genotype, 12 out of 31 (39 %) had the GC genotype, and five out of 31 (16 %) had the CC genotype. We evaluated response rate and time to treatment failure by each VEGF polymorphism group and individual genotype. None of the tested VEGF SNPs predicted outcomes. 
Discussion
Our study demonstrates that bevacizumab and sorafenib can be combined safely and that this regimen achieved antitumor activity in a large number of patients with varying tumor types. Toxicity with this combination, however, was greater than that of each drug used alone. The MTD was determined to be bevacizumab 5 mg/kg IV every 2 weeks and sorafenib 200 mg BID, which is about 50 % of the recommended dose of each drug.
Most patients (66 %) experienced an adverse event≥grade 2, the most common being hand and foot syndrome (24 %) and hypertension (21 %). These findings are similar to those reported in another study combining bevacizumab and sorafenib by Azad et al. in which hand and foot syndrome and hypertension were the most prevalent toxicities. Indeed, the same MTD was determined in both studies. A dose reduction was required in 74 % of patients in Azad's study, whereas ours only required a dose reduction in 39 % [26] , possibly because of earlier and more aggressive intervention in the current study. Careful attention should be paid to toxicity potential when using bevacizumab and sorafenib in combination in any future studies.
Special attention should be given to the potential vascular toxicity with this regimen. We observed one patient with clinically occult peripheral vascular disease who experienced grade 4 arterial ischemia that resulted in below the knee amputation six months after coming off-study. Furthermore, one case of grade 4 thrombosis and two cases of grade 3 thrombosis were noted in Azad's study [26] . Both events are considered possibly related to the study treatment, and these findings suggest that caution should be used in the setting of cardiovascular or peripheral vascular disease. Indeed, similar unexpected serious toxicities have been observed in other trials combining VEGF and VEGFR inhibitors, including intracranial hemorrhage with combination cediranib (AZD2171) and bevacizumab [27] , as well as microangiopathic hemolytic anemia with combination sunitinib and bevacizumab [28] . In contrast, other antiangiogenic combinations have not been problematic, such as trebananib (AMG386) and sorafenib or sunitinib [29] .
Antitumor activity was demonstrated across a variety of tumor types using this regimen, and the responses in patients with ovarian cancer were especially notable. Of the 34 patients with ovarian or fallopian tube cancer, three (9 %) achieved a PR and seven (21 %) achieved SD ≥6 months. This antitumor activity was achieved in spite of most of these patients having received bevacizumab previously (21 of 34, 62 %) and in spite of patients receiving lower doses of bevacizumab in the combination compared to bevacizumab monotherapy (5 mg/kg vs. 15 mg/kg). In contrast, none of the patients in Azad's study had received prior bevacizumab or sorafenib, and her trial observed a higher response rate of 43 % [26] . Considering the promising activity observed in our study, Azad's study, and the phase 2 study of bevacizumab monotherapy in bevacizumab-naïve ovarian cancer patients, further study may be warranted with this combination in heavily pretreated ovarian cancer patients [7] .
Another dramatic response seen was one patient with KITmutant melanoma who achieved a PR for 8 months (Fig. 2) . Other studies using sorafenib monotherapy [30, 31] and sorafenib in combination with bevacizumab [26] only demonstrated SD in patients with melanoma. One sorafenib monotherapy study described a 27 % reduction at 4 weeks in a KIT-mutant melanoma patient, but further decrease was never achieved because treatment was interrupted due to toxicity [31] . In a study using sunitinib for KIT-mutant melanoma patients, one of four (25 %) had a CR for 15 months and two (50 %) had a PR for one and seven months, respectively [32] . Interestingly, this same study demonstrated only one of six (17 %) patients with KIT amplification or overexpression achieved a PR [32] . The use of sorafenib in combination with bevacizumab should be further explored in KIT-mutant melanoma patients.
Despite the antitumor activity observed, a promising biomarker for response could assist in further developing this regimen for this patient population. Of note, two out of six (33 %) patients with KRAS mutation had response, including one patient who had a 62 % regression. This observation is consistent with a previous report of sorafenib demonstrating clinical activity in patients with non-small cell lung cancer harboring KRAS mutations [33] . Sorafenib has activity against CRAF and BRAF, which are downstream of KRAS, and although the number of patients with KRAS mutation in our study was small, this observation may warrant exploration in future studies.
Maximum therapeutic effect of antiangiogenic therapy is limited by resistance [34] . In the present study, we demonstrated that combination sorafenib and bevacizumab may overcome resistance in patients previously treated with one or both of the study drugs. Of the 40 patients who received prior bevacizumab, ten (25 %) achieved SD ≥6 months and two (5 %) achieved a PR. Among the ten patients who received prior sorafenib, seven (70 %) achieved SD ≥6 months. Furthermore, among the four patients who received prior bevacizumab and sorafenib sequentially, two achieved SD ≥6 months on study. Vertical inhibition of both VEGF and VEGFR using this drug combination targets both kinase-dependent and -independent pathways, a strategy that has previously demonstrated increased activity, warranting dual inhibition [5, 35] . In addition, anti-HER2 monoclonal antibody trastuzumab has demonstrated clinical synergy when given in combination with anti-HER2 tyrosine kinase inhibitor lapatinib, although a subsequent phase 3 trial did not demonstrate survival advantage with the combination [36] [37] [38] . Future studies should consider exploring similar combination therapy strategies to overcome resistance.
A reliable biomarker for efficacy of antiangiogenic treatment remains elusive. None of the tested VEGF SNPs predicted outcomes in this study. However, grade 3 and 4 hypertension was associated with longer time to treatment failure, overall survival, and higher SD≥6 months/PR. Although associations between hypertension and efficacy have been reported previously our observation in this study is notable because of the heterogeneity of the treated patient population, in terms of tumor type, as well as the heavily pretreated nature of the population.
There are several limitations to this study. First, as noted, we treated a heterogeneous population, which could have attenuated our ability to find associations. On the other hand, the fact that hypertension correlated with better response in our patients might suggest that these results are generalizable. Of course, this is a retrospective and uncontrolled study, and therefore differentiating prognostic from predictive factors is challenging. Finally, molecular analysis was available in only a small number of patients, so correlations could not be examined. For instance, we have previously reported that patients with p53 mutations have better progression-free survival after bevacizumab than patients with wild-type p53 [39] . However, in our current study only eight patients were tested for p53 mutations, and four had mutations. These numbers were too small for analysis.
In conclusion, the combination of bevacizumab and sorafenib was well-tolerated and demonstrated antitumor activity in heavily pretreated patients with advanced malignancy. Prior antiangiogenic treatment did not preclude clinical response, suggesting potential ability to overcome resistance. This regimen merits further investigation, especially in selected tumor types. Hypertension as a surrogate biomarker for efficacy may also merit further exploration.
